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ABSTRACT 

This  note  addresses  the  design  philosophy  and  material  choice  for  the  tuner  in  the 
Defence  Science  and  Technology  Organisation  (DSTO)  electromagnetic  combined- 
mode  reverberation  chamber.  Restricting  factors  on  the  material  choice  are  discussed, 
in  addition  to  timer  and  gearbox  design  requirements. 
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Design  Philosophy  and  Material  Choice  for  a 
Tuner  in  an  Electromagnetic  Reverberation 

Chamber 


Executive  Summary 

The  materials  used  for  the  tuner  in  the  DSTO  combined-mode  chamber  were  selected 
from  readily  available  commercial  materials.  This  was  in  keeping  with  the  philosophy 
of  the  research  chamber  being  used  as  a  model  for  a  larger  test  chamber  suitable  for  the 
testing  of  large  aircraft. 

As  the  electromagnetic  reverberation  chamber  was  intended  to  be  used  for  Transverse 
Electromagnetic  (TEM)  cell  research  as  well  as  mode  stirred  research,  there  was  a 
requirement  to  have  a  change-over  frequency  range  when  swapping  from  one  test 
mode  to  the  other.  This  required  the  chamber's  mode  stirrer  to  operate  at  low 
frequencies  (A  chamber  operation  frequency  of  <25MHz  if  possible.).  As  lower 
frequencies  can  be  stirred  more  efficiently  with  a  single  large  tuner  rather  than  with 
several  small  tuners,  a  large  tuner  was  selected.  Rigidity  and  lightweight  characteristics 
were  desirable  to  minimise  paddle  oscillation  when  stopping  and  to  keep  inertia  forces 
low.  This  was  achieved  by  using  rectangular  steel  tubing  to  support  laminated  foam 
panels.  Commercial  James  Hardie  Bondor™  panels  were  found  to  give  the  required 
rigidity,  while  being  lightweight,  and  possessing  suitable  radio  frequency  reflectivity 
qualities. 

The  tuner  drive  was  achieved  by  the  combination  of  a  commercial  motor  and  gearbox 
assembly  combined,  with  two  toothed-belt  drives,  giving  a  total  reduction  of  1419:1. 
Toothed-belt  gears  and  tensioning  pulleys  reduced  the  inherent  gearbox  backlash  to  an 
acceptable  level,  resulting  in  a  stepping  resolution  of  less  than  0.1°. 
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1.  Introduction 


The  tuner  is  a  major  part  of  the  combined-mode  reverberation  chamber,  stirring  the 
electromagnetic  standing-wave  pattern  so  that  the  nodes  and  anti-nodes  are  moved  to 
all  parts  of  the  chamber. 

World  opinion  on  the  characteristics  of  an  optimum  timer  is  divided.  Since  no  chamber 
the  size  of  the  one  proposed  by  Defence  Science  and  Technology  Organisation  (DSTO) 
has  ever  been  built  therefore  no  recognised  guidelines  as  to  the  size  and  shape  of  the 
tuner's  paddles  (paddles  shown  in  Photograph  1)  exist.  Various  design  philosophies 
were  considered  but  many  assumptions  had  to  be  made.  As  with  all  new  designs,  the 
resultant  product  evolved  using  the  initial  parameters  as  a  guide  but  specific 
limitations  throughout  the  process  necessitated  a  balance  between  "must  have",  "can 
do"  and  "not  possible". 

A  dominant  feature  for  the  materials  selected  and  design  philosophy  was,  "where 
possible,  use  commercially  available  materials".  Even  though  the  reverberation 
chamber  is  a  research  tool,  the  design  philosophies  may  later  be  used  as  a  model  for  the 
building  of  a  larger  chamber,  suitable  for  the  testing  of  large  aircraft. 

This  note  addresses  the  overall  design  philosophy  of  the  tuner,  and  why  the  various 
construction  materials  and  techniques  were  chosen.  Photograph  1  shows  the  tuner  after 
installation. 


Photograph  1:  Energy  Stirrer  in  Mode  Stirred  chamber 
showing  stirrer  paddles 
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2.  Tuner  parameters 


2.1  Modes  of  operation 

The  tuner  was  required  to  operate  in  two  modes,  continuous  rotation,  and  stepping. 

2.1.1  Continuous  rotation 

The  tuner  was  required  to  rotate  at  a  maximum  speed  of  Irpm. 

For  simplicity  of  control,  starting  and  stopping  accelerations  were  required  to  be  the 
same  for  both  the  continuous  rotation  and  stepping  modes. 

Acceleration  curves  were  calculated  to  ensure  that  the  stress  on  the  tuner  structure  did 
not  exceed  its  material  limits  [1]. 

2.1.2  Stepping  mode 

The  tuner  was  required  to  be  capable  of  stepping  in  variable  increments  from  1°  to 
continuous  rotation,  with  a  stepping  resolution  of  0.1°  or  better.  Small  steps  are 
required  to  give  a  large  number  of  independent  samples  when  conducting 
experiments,  in  order  to  give  good  statistical  results.  The  time  taken  for  the  oscillations 
of  the  tuner  paddle  to  cease  after  the  tuner  has  reached  its  desired  position  was 
required  to  be  minimal.  Overseas  experience  had  shown  that  lightly-constructed  tuner 
paddles  tend  to  oscillate  after  stopping,  adding  considerable  time  to  tests  when  the 
tuner  is  operated  in  stepping  mode. 

As  with  the  continuous  mode,  maximum  rotational  speed  during  a  step  is  to  be  lrpm 


3.  Tuners 

3.1  Large  tuners  versus  small  tuners 

World  opinion  varied  as  to  what  defines  an  optimum  tuner,  one  large  tuner  versus 
several  small  tuners. 


The  probability  of  having  areas  of  unstirred  energy  in  the  chamber  is  usually  higher  for 
single  small  tuners  than  when  using  one  larger  tuner,  hence  the  need  for  multiple  small 
stirrers.  These  unstirred  areas  are  believed  to  be  a  contributing  factor  to  poor  low 
frequency  performance  of  a  chamber.  A  single  larger  tuner  changes  the  electromagnetic 
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boundary  conditions  of  the  chamber  substantially  more  than  a  smaller  tuner,  and 
therefore  achieves  more  efficient  tuning. 

The  disadvantage  of  a  single  large  tuner  is  that  it  occupies  a  large  portion  of  the 
chamber  space  when  compared  with  the  space  taken  by  several  small  tuners. 

One  of  the  aims  of  the  chamber  was  to  test  the  ability  of  Transverse  Electromagnetic 
(TEM)  cell  technology  to  extend  the  low-frequency  end  of  the  chamber's  test  spectrum. 
The  goal  was  to  use  the  TEM  cell  characteristics  up  to  a  frequency  as  high  as  possible, 
and  then  change  to  mode  stirring  above  30MHz.  To  achieve  a  common  changeover 
frequency  range,  the  relative  sizes  of  the  paddle  and  chamber  will  have  to  be  altered  to 
enable  lower  frequencies  to  be  used  with  mode  stirring.  This  goal  supported  the  use  of 
a  single  large  tuner  for  the  DSTO  chamber. 

Conventional  opinion  was  that  the  diagonal  dimension  of  each  paddle  should  be  a 
significant  proportion  of  the  wavelength  X.  An  arbitrary  value  of  x/2  at  30MHz  was 
selected,  requiring  the  diagonal  dimension  of  the  paddle  to  be  greater  than  5.0m. 

Conventional  wisdom  at  the  time  of  design  also  suggested  that  one  paddle  dimension 
should  be  at  least  60%  of  one  of  the  chamber's  dimensions.  In  our  case,  the  chamber 
measures  21m  x  11m  x  6m,  which  gave  a  minimum  paddle  diagonal  dimension  of 
3.6m 

Unfortunately  the  maximum  size  of  the  paddle  is  limited  to  the  space  left  after  the 
largest  item  to  be  tested  has  been  placed  in  the  chamber.  Scale  drawings  of  proposed 
test  aircraft  were  superimposed  on  the  chamber  drawing.  From  this,  the  tuner's 
position  and  maximum  tuner  diameter  was  calculated,  resulting  in  each  paddle  being 
3.6m  x  3.6m  with  a  diagonal  dimension  of  5.1m.  The  overall  timer  diameter  is  8m. 

3.2  Tuner  mounts 

The  initial  proposal  was  to  have  the  tuner  suspended  from  the  ceiling,  allowing  the 
space  under  the  tuner  to  be  used  as  part  of  the  working  area.  After  selecting  the  size  of 
the  paddles,  the  space  left  under  the  paddles  was  only  1.5m.  This  is  of  little  use  when 
testing  aircraft.  It  was  decided  not  to  sacrifice  paddle  size  and  hence  chamber 
performance  in  the  pursuit  of  extra  working  space.  This  decision  meant  that  there  was 
no  longer  a  need  for  the  tuner  to  be  suspended  solely  from  the  ceiling.  To  achieve 
overall  rigidity  and  ease  of  construction  the  free  end  of  the  timer  was  to  be  attached  to 
the  chamber  floor. 

3.3  Paddle  angles 

The  tuner  was  to  have  four  paddles,  with  each  paddle  being  bent  along  its  centreline. 
Each  paddle  was  to  be  bent  at  a  different  angle  to  reflect  the  transmitted  radio 
frequency  energy  randomly  throughout  the  reverberation  chamber. 
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Several  different  paddle  angles  were  analysed  using  the  General  Electromagnetic 
Model  for  the  Analysis  of  Complex  Systems  (GEMACS)  computer  modelling  program 
[2],  GEMACS  gave  an  indication  of  suitable  paddle  angles  but,  due  to  the  coarseness  of 
the  model  data,  it  could  not  compute  the  optimum  paddle  angles.  Paddle  angles  of 
100°,  120°,  140°  and  160°  were  selected.  Since  the  optimum  angles  for  the  paddles  were 
unknown,  it  was  decided  to  incorporate  the  capability  to  be  able  to  rotate  each  paddle 
through  20°,  giving  operators  the  flexibility  to  optimise  the  tuner  as  experience  was 
gained.  Support  spigots  were  designed  into  the  paddle  end  flanges,  allowing  the 
paddles  to  be  easily  rotated  to  achieve  optimum  tuning  (Photograph  2). 


Photograph  2:  Paddle  being  installed 


4.  Materials 

4.1  Material  selection  criteria 

A  prime  design  goal  in  selecting  materials  was  to  use  commercially  available  materials 
where  possible.  Even  though  the  DSTO  reverberation  chamber  is  a  research  tool,  it  was 
desirable  for  the  chamber  to  be  at  least  partially  representative  of  a  larger, 
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commercially  built  chamber  so  that  a  reasonable  evaluation  of  construction  techniques 
could  be  made. 

4.2  Paddle  material  RF  reflectivity 

The  optimum  paddle  skin  material  is  one  with  high  RF  reflective  properties. 
Comparisons  of  relative  conductivity  were  made  [3], 

•  copper  1.0, 

•  aluminium  0.6, 

•  zinc  0.3,  and 

•  steel  0.1. 

In  line  with  the  material  selection  criteria,  copper  paddles  were  considered  to  be  cost 
and  weight  prohibitive,  leaving  aluminium  as  the  next  choice. 

An  aluminium  skinned  space  frame  was  first  proposed,  but  alternative  construction 
methods  were  also  considered.  An  investigation  was  undertaken  to  find  commercially 
available  materials  suitable  for  the  construction  of  the  tuner.  A  suitable  material, 
Bondor™,  was  found  to  be  manufactured  by  James  Hardie  for  use  in  the  building  of 
cool  rooms.  When  comparing  the  two  construction  methods  the  Bondor™  panels  gave 
a  lighter  more  rigid  construction.  These  panels  consisted  of  a  polystyrene  core  with 
thin  (0.6mm)  zinc -coated  steel  facing  sheets.  The  panels  were  available  in  varying 
thicknesses,  enabling  a  panel  with  suitable  rigidity  to  be  chosen. 


Photograph  3:  Bondor™  panelling  and  edge  capping 
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For  an  additional  cost,  James  Hardie  were  willing  do  a  special  production  run  and 
manufacture  panels  with  aluminium  facing  sheets.  However,  as  only  twelve  sheets 
were  required  and  James  Hardie  had  a  minimum  run  of  150m,  it  was  uneconomical  to 
request  a  special  run  and  did  not  fit  into  the  "where  possible  use  commercially 
available  materials"  policy.  Zinc-coated  steel  was  finally  chosen  as  the  paddle  reflective 
surface.  If  zinc-coated  steel  was  subsequently  found  to  be  unsuitable,  the  option  of 
skinning  the  Bondor™  material  with  aluminium  was  still  possible. 

By  using  Bondor™  panels,  the  support  frame  could  utilise  light-weight  construction 
techniques  since  the  material  had  high  natural  rigidity  and  could  be  easily  clipped 
together  to  form  a  panel  of  any  width.  Also  available  was  extruded  aluminium  capping 
which  could  be  used  to  seal  the  paddle  edges.  As  shown  in  Photograph  3. 


5.  Tuner  construction 


The  tuner  consists  of  a  centre  beam  supported  at  the  roof  and  floor  of  the  chamber. 

The  centre  beam,  100mm  square  hollow  tube,  is  driven  from  the  roof  by  an  electric 
motor  with  10.16Nm  of  torque,  through  a  1419:1  reduction  gearbox. 

Four  solid  blocks  were  welded  to  the  main  beam,  with  each  block  being  machined  to 
accept  a  spigot  on  the  paddle.  This  provides  a  guide  to  enable  easy  installation  of  the 
paddle  assembly  as  well  as  acting  as  a  bearing  surface  for  easy  rotation  of  the  paddle 
during  angle  adjustments  (see  Photograph  2). 


Photograph  4:  Paddle  frame  being  trial  fitted 
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The  frame  work  that  supports  each  paddle  is  shown  in  Photograph  4.  This  consists  of  a 
centre  back-bone  beam,  100mm  x  50mm  hollow  section.  Welded  to  the  beam  are  two 
support  channels  with  extra  strengthening  webs.  These  channels  support  the  Bondor™ 
panels.  The  skin  of  the  Bondor™  panels  was  pop-riveted  to  the  centre  back-bone  and 
support  channels. 

Detailed  construction  and  stress  calculations  of  the  tuner  can  be  found  in  reference  [1], 


6.  Gearbox 


6.1  Gearbox  requirements 

The  gearbox  was  required  to  reduce  the  electric  motor  speed  of  1440rpm  in  order  to 
produce  a  tuner  speed,  as  plose  as  practicable  to  lrpm.  As  the  tuner  was  required  to 
step  in  increments  of  1°  with  a  resolution  of  0.1°  or  better,  an  anti-backlash  gearbox  was 
required.  As  anti-backlash  gearboxes  of  this  size  are  not  commercially  available,  a 
special  gearbox  had  to  be  made.  With  the  criterion  of  using  commercially  available 
items  where  possible,  other  methods  to  reduce  the  backlash  were  investigated.  As  size 
was  not  a  restriction,  it  was  decided  to  use  a  combination  of  a  commercial  gearbox  and 
toothed  belt  drives  to  produce  the  desired  reduction  ratio  of  1440:1.  A  commercial 
motor  and  gearbox  combination  gave  a  reduction  ratio  of  30.16:1.  When  combined  with 
two  commercial  toothed  belt  drives,  each  of  6.86:1  ratio,  this  gave  a  total  reduction  ratio 
of  1419.1.  The  toothed  belt  gears  with  tensioning  pulleys  would  eliminate  backlash  in 
that  part  of  the  speed  reduction  system.  The  reduction  ratio  of  the  toothed  belt  gears 
was  47.06:1,  which  reduced  the  effect  of  the  gearbox's  backlash  by  47  times. 


Photograph  5:  Gearbox  and  drive  motor  assembly 
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6.2  Motor  gearbox  and  motor  controller 

A  commercial  drive  motor  and  gearbox,  SEW  Eurodrive  motor  DT90L4,  was  selected 
for  the  tuner  s  drive  system.  This  consisted  of  a  10.16Nm  torque  electric  motor  and  a 
gearbox  with  close  cut  gears  to  give  minimal  backlash.  The  motor  was  controlled  using 
a  SEW  Movitrac  3000/31  inverter. 


6.3  Alignment  of  gearbox  and  paddle  bearings 

The  construction  of  the  gearbox  and  the  paddle  main  shaft  was  such  that  the  3  bearings 
were  used  on  a  single  shaft;  two  in  the  gearbox  and  one  on  the  end  of  the  stirrer’s  main 
shaft.  The  two  bearings  in  the  gearbox  were  located  some  6.5m  away  from  the  bearing 
supporting  the  timer  main  shaft.  The  alignment  of  the  two  gearbox  bearings  and  the 
paddle  support  bearing  located  on  the  floor  of  the  chamber  was  done  using  a  laser 
pointer  in  a  dummy  gearbox  shaft  (see  Photograph  6  and  Figure  1).  A  separate  shaft 
was  manufactured  to  fit  info  the  2  gearbox  main  shaft  bearings.  This  shaft  had  a  hole 
drilled  through  the  centre  to  locate  a  commercial  laser  pointer.  Several  extra  holes  were 
drilled  to  align  the  laser  pointer  and  to  allow  it  to  be  turned  on  and  off.  Levelling 
screws,  located  in  the  bottom  gearbox  plate,  were  used  to  align  the  gearbox.  A  plumb 
bob  was  dropped  from  the  centre  of  the  main  shaft  to  locate  the  centre  position  of  the 
paddle  support  bearing  on  the  floor  of  the  chamber.  The  laser  pointer  was  then 
installed  in  the  hollow  shaft.  As  the  dummy  shaft  was  rotated,  the  laser  pointer 
projected  a  circle  around  the  centre-line  axis  of  the  two  gearbox  bearings.  By  adjusting 
the  gearbox  levelling  screws,  the  centre  of  the  projected  circle  was  moved  to  coincide 
with  the  plum  bob  centre,  thereby  aligning  all  three  bearings. 


Photograph  6:  Dummy  shaft  and  laser  pointer  used  to  align  gearbox  bearings 
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Shaft  rotation 


Figure  1  Aligning  gearbox  bearings  using  laser  point 

6.4  Electromagnetic  seal 

An  electromagnetic  seal  between  the  gearbox  drive  shaft  and  chamber  skin  was 
manufactured  m-house.  This  featured  a  close  tolerance  fit  between  the  shaft  and  seal 
body,  with  a  maximum  clearance  of  0.05mm.  The  seal  consisted  of  a  hollow  copper 
earth  strapping  cable  mto  which  was  inserted  a  foam  rubber  core.  This  expanded  file 
strapping  material,  ensuring  electrical  contact  between  the  shaft  and  seal  case,  and  at 
the  same  time  minimised  the  gap  between  the  shaft  and  seal  body  (see  Figure  2)  This 

sea!  has  been  found  to  be  suitable  up  to  frequencies  of  1GHz  but,  as  yet,  has  not  been 
tested  at  higher  frequencies. 


Figure  2  Electromagnetic  seal 
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7.  Tuner  Performance 

The  quantitative  links  between  tuner  design  parameters  and  performance  are  not 
presently  known.  This  timer  has  been  designed  using  state-of-the-art  empirical 
knowledge.  Additionally  there  are  no  current  procedures  for  evaluating  tuner 
performance. 

The  current  empirical  expectation  is  that  a  chamber  will  operate  in  a  reverberant 
manner  when  the  injected  RF  has  a  frequency  such  that  there  are  60  lower  frequencies 
at  which  a  chamber  mode  may  exist  (60  mode  rule).  For  the  DSTO  chamber  this 
frequency  is  approximately  63MHz.  The  lowest  frequency  standing  mode  that  may 
exist  in  the  chamber  is  15.5MHz. 

A  measure  of  the  tuner  performance  is  the  ratio  of  frequencies  between  the  lowest 
mode  frequency  and  the  frequency  at  which  the  chamber  ceases  to  have  a  chi-squared 
field  distribution.  In  the  DSTO  chamber,  with  a  Black  Hawk  aircraft  inside,  the 
frequency  at  which  the  chamber  ceased  having  a  Kolmogorov-Smimov  [4]  probability 
test  ratio  of  >0.9  was  30MHz.  The  tuner  performance  ratio  is  therefore  approximately  2. 
This  is  significantly  better  than  the  4:1  ratio  expected  by  using  the  60  mode  rule.  This 
timer  is  therefore  considered  to  be  excellent  using  this  measurement  of  performance. 
FOA  [5]  has  two  chambers  with  tuners  that  are  small  relative  to  the  size  of  the  chamber 
they  are  in.  The  smaller/ larger  chamber  (E3)  at  FOA  shows  that  this  chamber  has  a 
tuner  performance  ratio  of  7:1  for  their  larger  tuner  and  10:1  for  their  small  tuner.  This 
shows  that  the  DSTO  tuner  design  is  superior  using  the  Kolmogorov-Smimov 
measurer  of  performance. 

The  tuner  in  the  DERA  chamber  [6]  is  also  relatively  large  compared  with  the  chamber 
and  has  a  performance  ratio  of  2.5:1.  As  a  result  this  tuner  also  works  very  efficiently. 


8.  Summary 

The  materials  used  for  the  tuner  in  the  DSTO  combined  mode  chamber  were  selected 
from  readily  available  commercial  materials  where  possible.  This  was  in  keeping  with 
the  philosophy  of  the  chamber  being  used  as  a  model  for  a  larger  test  chamber  aimed 
at  the  testing  of  large  aircraft. 

A  single  large  tuner  was  selected  over  several  smaller  tuners  in  order  to  extend  the 
chamber's  low  frequency  capability.  The  tuner  frame  was  constructed  with  hollow 
steel  tubing.  To  reduce  paddle  oscillation  to  a  minimum,  the  paddles  were  designed  to 
be  rigid  and  lightweight.  The  James  Hardie  Bondor™  material  was  found  to  have 
suitable  rigidity  and  good  electromagnetic  reflectivity  characteristics. 
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J1®,  ®  S  dnve  Searbox  consisted  of  a  commercial  electric  motor  and  gearbox 

tW°  t°°,thed'belt  drives  t0  a  reduction  ratio  of  1419:1.  The 

Icc^lblM  TZ  ^  tenS10ning  P^5  reduced  the  gearbox  backlash  to  an 
acceptable  level  and  gave  a  stepping  resolution  of  less  than  0.1°. 

n.e  large  tuner  used  in  the  DSTO  chamber  was  found  to  be  very  efficient,  with  the 
owest  frequencies  giving  a  mode-to-frequency  ratio  of  2:1.  This  was  encouraging,  as 
tuners  used  in  overseas  chambers  do  not  show  the  same  efficiency. 
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